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BICEP2 has observed a primordial gravitational wave corresponding to the tensor-to-scalar ratio of 0.16. It 
seems to require a super-Planckian inﬂationary model. In this paper, we propose a double hybrid inﬂation 
model, where the inﬂaton potential dynamically changes with the evolution of the inﬂaton ﬁelds. During 
the ﬁrst phase of inﬂation over 7 e-folds, the power spectrum can be almost constant by a large linear 
term in the hybrid potential, which is responsible also for the large tensor-to-scalar ratio. In the second 
phase of 50 e-folds, the dominant potential becomes dynamically changed to the logarithmic form as in 
the ordinary supersymmetric hybrid inﬂation, which is performed by the second inﬂaton ﬁeld. In this 
model, the sub-Planckian ﬁeld values (∼0.9 MP ) can still yield the correct cosmic observations with the 
suﬃcient e-folds.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
The generation of the large scale structures and the anisotropy 
in the temperature of the cosmic microwave background (CMB) 
suggests that there were already small inhomogeneities in the 
early Universe, a few Hubble times before the observable scale 
enters the horizon [1]. The time-independent curvature perturba-
tion ζ sets the initial conditions for such inhomogeneity and the 
subsequent evolution of the scalar perturbation. After the ﬁrst ob-
servation by Penzias and Wilson (1965) ﬁfty years ago, the precise 
observations of the CMB [2–4] found that the primordial power 
spectrum is Gaussian with the size of Pζ ≈ 2.43 × 10−9 and is al-
most scale-independent with the spectral index nζ ≈ 0.96.
The inﬂation models not only explain the problems of the 
standard big bang cosmology such as the ﬂatness, horizon and 
monopole problems but also predicts the cosmological perturba-
tions in the matter density and spatial curvature, which explain 
well the primordial power spectrum [5]. Those have arisen natu-
rally from the vacuum ﬂuctuations of light scalar ﬁeld(s) during 
inﬂation, and been promoted to classical one around the time of 
the horizon exit. As well as the scalar perturbation, the tensor 
perturbation is also generated during inﬂation and shows partic-
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SCOAP3.ular features in the B-mode of the CMB polarization data. This 
B-mode polarization from the primordial tensor spectrum has been 
searched for a long time as a signature of the primordial inﬂation.
Recently, BICEP2 [6] has announced that they have measured 
the B-mode from the primordial gravitational wave as well as that 
from the gravitational lensing effect. The observation prefers to the 
non-zero tensor spectrum with the tensor-to-scalar ratio,
r = 0.2+0.07−0.05. (1)
After foreground subtraction with the best dust model, however, 
the tensor-to-scalar ratio shifts down to [6]
r = 0.16+0.06−0.05. (2)
Such a large gravitational wave has profound implications for in-
ﬂation models. The tensor power spectrum comes from the expan-
sion of the Universe during inﬂation
PT = 8H
2∗
4π2
, (3)
where H∗ is the expansion rate at the horizon exit, and thus the 
tensor-to-scalar ratio is given by [7]
r = PTPζ =
8P∗
M2PPζ
. (4)
Here MP denotes the Planck mass (≈2.4 × 1018 GeV). Combining 
with the observed power spectrum [4] under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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the observed large tensor spectrum corresponds to the Hubble ex-
pansion parameter
H∗ ≈ 1.0× 1014 GeV, (6)
or to the potential energy during slow-roll inﬂation
V 1/4 ≈ 2.08× 1016 GeV. (7)
However, the slow-roll condition during inﬂation gives the re-
lation between the ﬁeld variation and the tensor spectrum known 
as Lyth bound [8],
φ
MP
O(1) ×
(
r
0.1
)1/2
. (8)
Thus, a large tensor is possible only for a large ﬁeld variation, 
which is usually larger than the Planck scale. More accurate 
bounds were studied in [9,10] for the single ﬁeld inﬂation. The 
problem of sub-Planckian inﬂation with  ≈ 0.01 is that the e-
folding number is connected to the ﬁeld variation as
N ≈ 1
MP
∫
dφ√
2
≈ 7
(
φ
MP
)√
0.01

, (9)
and so only N ∼ 7 is maximally obtained for φ ∼ MP . In order 
to achieve a large enough e-foldings, hence,  should somehow 
be made decreasing after about 7 e-folds. To be consistent with 
the observation of CMB, moreover, the power spectrum should be 
maintained as almost a constant even under such a large ﬁeld 
variation for the ﬁrst 7 e-folds [11] corresponding to the observ-
able scales by CMB, 10 Mpc k−1  104 Mpc [4]. There are some 
ways suggested to accommodate the large tensor-to-scalar ratio 
in the sub-Planckian inﬂation models by non-monotonic evolu-
tion [12–20] in the single ﬁeld models or in the assisted inﬂation 
[21,22].
In the inﬂation with multiple scalar ﬁelds [23–25], however, 
the simple relation in the single ﬁeld inﬂation is modiﬁed due to 
the quite different inﬂationary dynamics. The curvature perturba-
tion continues the evolution until the non-adiabatic perturbation 
is converted to the adiabatic one [26,27]. Even the condition end-
ing the inﬂation can generate the power spectrum [28–38] and, 
therefore, changes the tensor-to-scalar ratio. However, the B-mode 
observation requires that the inﬂaton perturbation must account 
for much more than 10% of the primordial curvature perturbation 
for the slow-roll hypothesis [39].
“Hybrid inﬂation” [40] was suggested with two scalar ﬁelds, 
where one is the inﬂaton and the other, called the waterfall ﬁeld, 
is to terminate inﬂation when it becomes tachyonic. The advan-
tage of it is that the inﬂaton’s ﬁeld value is small compared to the 
Planck scale, and thus it is legitimate to use it as a low energy ef-
fective theory. In the supersymmetric (SUSY) version of the hybrid 
inﬂation [41,42], the potential can be made ﬂat enough, avoid-
ing the eta-problem: fortunately the Hubble induced mass term 
is accidentally canceled out with the minimal Kähler potential and 
the Polonyi type superpotential during inﬂation. The speciﬁc form 
of the superpotential can be guaranteed by the introduced U(1)R
symmetry.
By the logarithmic quantum correction to the scalar potential, 
the inﬂaton can be drawn to the true minimum, leading to reheat-
ing of the universe by the waterfall ﬁelds. Moreover, thanks to such 
a logarithmic correction, the vacuum expectation values (VEVs) of 
the waterfall ﬁelds can be determined with the CMB anisotropy 
[42]. The VEVs turn out to be tantalizingly close to the scale of the 
grand uniﬁed theory (GUT). Accordingly, the waterfall ﬁelds can be regarded as GUT breaking Higgs ﬁelds in this class of models 
[43–46]. This inﬂationary model predicts a red-tilted power spec-
trum [42] around
nζ ≈ 1+ 2η ≈ 1− 1
N
≈ 0.98 (10)
for N = 50–60 e-folds. It is too large compared to the present 
bound on the spectral index. At the same time, the tensor spec-
trum is accordingly too small to detect. In the SUSY hybrid in-
ﬂation models with a single inﬂaton ﬁeld, it was found that the 
tensor-to-scalar ratio is r  0.03 [14–17].
In this paper, we study a dynamical two ﬁeld hybrid inﬂation 
model [47]. The dominant potential changes dynamically due to 
the evolution of another hybrid inﬂaton ﬁeld. In the ﬁrst phase 
of inﬂation for around 7 e-foldings, two inﬂaton ﬁelds are active 
and generate the power spectrum. When the ﬁrst waterfall ﬁelds 
are effective, one inﬂaton falls down to the minimum and the sec-
ond phase of hybrid inﬂation starts. Since the vacuum energy and 
 are almost constant during the ﬁrst phase of inﬂation, we can 
obtain an almost constant power spectrum in this model. In the 
second phase of inﬂation, the potential has the usual shape of the 
logarithmic one and gives a suﬃcient e-folding number until the 
second waterfall ﬁelds are effective and the whole inﬂation ends. 
Since  can be made much smaller than 0.01 in the second phase, 
we can achieve a large enough e-foldings. Recent studies on the 
hybrid inﬂation after BICEP2, one can refer to Refs. [48–50].
This paper is organized as follows. In Section 2, we brieﬂy ex-
plain our setup and in Section 3, we set up a SUSY model and 
show the spectrum and its index for both scalar and tensor per-
turbations. We conclude in Section 4.
2. Two ﬁeld inﬂation
In this section, we brieﬂy review a general two ﬁeld inﬂation 
model with a potential separable by sum [51],
W (φ,χ) = U (φ) + V (χ). (11)
During the slow-roll inﬂation, the ﬁelds must satisfy the equations 
of motion,
3Hφ˙ + ∂W
∂φ
= 0, 3Hχ˙ + ∂W
∂χ
= 0, (12)
respectively, and hence the ﬁelds satisfy∫
dφ
∂W /∂φ
=
∫
dχ
∂W /∂χ
, (13)
along the trajectory. The number of e-foldings during the inﬂation 
is given by
N =
∫
Hdt, (14)
which can be expressed in terms of the ﬁelds using the ﬁeld equa-
tions in Eq. (12).
For the separable potential in Eq. (11) of two ﬁelds, the slow-
roll parameters are given by
φ = M
2
P
2
(
Uφ
W
)2
, χ = M
2
P
2
(
Vχ
W
)2
,
ηφ = M2P
Uφφ
W
, ηχ = M2P
Vχχ
W
, (15)
where the subscripts in U and V stand for the partial derivatives 
with respect to the corresponding ﬁelds. Using these, the cosmo-
logical observables, the power spectrum (Pζ ), scalar spectral index 
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expressed in terms of the slow-roll parameters as follows [51–53]:
Pζ = W∗
24π2M4P
(
u2
∗φ
+ v
2
∗χ
)
= W∗u
2
24π2M4P
∗
φ
(1+ rˆ), (16)
nζ − 1 = −2
(
∗φ + ∗χ
)+ 2−2∗φ + u2(η∗φ + η∗χ rˆ)
u2(1+ rˆ) , (17)
r = 16
( u
2
∗φ
+ v2
∗χ )
= 16
∗
φ
u2(1+ rˆ) , (18)
nr = −2
−2∗φ + u2(η∗φ + η∗χ rˆ)
u2(1+ rˆ) . (19)
In the above equations, u2, v2, and rˆ are deﬁned as
u ≡ U∗ + Z˜
c
W∗
, v ≡ V∗ − Z˜
c
W∗
, rˆ ≡ v
2
u2
∗φ
∗χ
, (20)
where
Z˜ c ≡ Vc
c
φ − Uccχ R−1
cφ + cχ R−1
, R−1 ≡ ∂φc Uc
∂φc Fc
∂χc Gc
∂χc Vc
. (21)
The super- or subscripts, “∗” and “c” denote the values evaluated 
at a few Hubble times after horizon exit and the end of (the ﬁrst 
phase of) inﬂation, respectively. Here u and v parametrize the end 
effect of inﬂation, satisfying u + v = 1 [51]. R shows the deviation 
between a hypersurface of end of inﬂation, Fc(φc) +Gc(χc) = const
and an equi-potential hypersurface, U (φc) + V (χc) = const. R is 
generically of order unity. However, it can be very large or small 
(even negative) depending on how the inﬂation ends [28,30–32,34,
38,54]. From the constraint u + v = 1, we ﬁnd easily a maximum 
of r, r ≤ 16(∗φ + ∗χ ) ≡ 16∗ [55].
For cφ  cχ , Z˜ c is approximated to Z˜ c ≈ Vc − WcR−1(cχ/cφ). 
If U and V are almost constant during inﬂation, then, v and rˆ are 
approximately given by v ≈ R−1(cχ/cφ) and rˆ ≈ R−2(cχ/cφ)2 ×
(∗φ/∗χ ), respectively.
3. The double hybrid inﬂation
Let us consider the following form of the superpotential,
W = κ1S1
(
M21 − ψ1ψ1
)+ κ2S2(M22 − ψ2ψ2)+mS1S2. (22)
The superpotential W contains the inﬂaton ﬁelds S1,2 and the wa-
terfall ﬁelds, {ψ1,2,ψ1,2}. While {S1, S2} carry the U(1)R charges 
of 2, the other superﬁelds are neutral. The last term in Eq. (22)
breaks the U(1)R symmetry softly, assuming m 	 M1,2. We sup-
pose that it is the dominant U(1)R breaking term. In fact, S1ψ2ψ2
and S2ψ1ψ1 are also allowed in W . For simplicity of discussion, 
however, let us assume that their couplings are small enough. Then 
the derived potential is
V = ∣∣κ1(M21 − ψ1ψ1)+mS2∣∣2 + ∣∣κ2(M22 − ψ2ψ2)+mS1∣∣2
+ κ21 |S1|2
(|ψ1|2 + |ψ1|2)+ κ22 |S2|2(|ψ2|2 + |ψ2|2). (23)
For |S1|2  M21 and |S2|2  M22, the waterfall ﬁelds become stuck 
to the origin, ψ1,2 = ψ1,2 = 0, and the potential becomes domi-
nated by a constant energy:
V I = κ21M41 + κ22M42 +
√
2κ1M
2
1mφ2 +
m2
2
φ22
+ √2κ2M22mφ1 +
m2
φ21 ,2≡ μ4 + A31φ2 +
m2
2
φ22 + A32φ1 +
m2
2
φ21 , (24)
where φ1,2 denote the real components of S1,2 (≡Re(S1,2/
√
2)), 
and we deﬁned μ4 ≡ κ21M41 + κ22M42 and A31,2 ≡
√
2κ1,2M21,2m for 
simple notations. Since SUSY is broken by the positive vacuum en-
ergy, the non-zero logarithmic potential can be generated [41,42]. 
We will ignore it for the ﬁrst phase of inﬂation because of its rel-
ative smallness.
During the ﬁrst period of inﬂation, the two ﬁelds drive inﬂation 
with the following slow-roll parameters:
φ1 =
M2P A
6
2
2μ8
(
1+ m
2φ1
A32
)2
, φ2 =
M2P
2
(
A31 +m2φ2
μ4
)2
,
ηφ1 = ηφ2 ≡ η =
M2Pm
2
μ4
. (25)
We assume that M22  M21 and so A32  A31. If A32 m2φ1,2, then, 
the almost constant φ1 is dominant over φ2 for this period. In 
this case, the total  is approximated by
 ≡ φ1 + φ2 ≈ φ1 ≈
M2P A
6
2
2μ8
. (26)
As will be explained later, the large A32 is necessary for the large 
tensor-to-scalar ratio and the almost constant power spectrum dur-
ing the ﬁrst 7 e-folds.
The ﬁrst phase of inﬂation continues until the ﬁeld φ2 arrives 
at φc2 ≈
√
2M2. The e-folding number for this phase (≡NI ) is given 
in terms of the φ2 ﬁeld as
NI = 1
M2P
φ∗2∫
φc2
dφ2
μ4
A31 +m2φ2
= 1
η
log
(
A31 +m2φ∗2
A31 +
√
2m2M2
)
. (27)
During the ﬁrst phase, φ1 evolves as
NI = 1
M2P
φ∗1∫
φc1
dφ1
μ4
A32 +m2φ1
= 1
η
log
(
A32 +m2φ∗1
A32 +m2φc1
)
≈ 1√
2φ1
(
φ∗1 − φc1
MP
)
, (28)
where φc1 denotes the ﬁeld value of φ1 at the end of the ﬁrst phase. 
Here we assumed that A32 m2φ1. In Eqs. (27) and (28), η and 
were deﬁned in Eq. (25). As seen in Eq. (28), NI cannot be large 
enough, if φ∗1 should be sub-Planckian. It is because of the large 
constant A32, suppressing the logarithmic part in Eq. (28). Hence, 
the A32 needs to be turned-off in the second phase of inﬂation for 
a large enough e-folds.
During this period, the power spectrum is determined by the 
two ﬁelds φ1 and φ2 as in Eq. (16). From the CMB observation, 
the power spectrum needs to be maintained as almost a constant 
for the ﬁrst 7 e-folds corresponding to the scales 10 Mpc k−1 
104 Mpc [4]. We will identify the ﬁrst 7 e-folds as NI . Assuming 
R−1 	 1 and so rˆ 	 1, we can take u2/∗1  v2/∗2 at the obser-
vational scale so that
Pζ ≈ μ
4
24π2M4P
∗
φ1
,
r ≈ 16∗φ . (29)1
394 K.-Y. Choi, B. Kyae / Physics Letters B 735 (2014) 391–395Fig. 1. Contour plot of tensor-to-scalar ratio r and the spectral index nζ in the 
plane of model parameters m and A2 at the cosmologically relevant scale. φ∗1 is 
adjusted to be around NI = 7 in Eq. (28). The red lines are the contour of r =
0.05, 0.1, 0.16, 0.2, 0.3 from the below, the blue lines are for nζ = 1, 0.96, 0.9 from 
the below and the dashed lines denote φ∗1 = 0.5MP and 0.9MP respectively as 
denoted in the ﬁgure. (For interpretation of the references to color in this ﬁgure 
legend, the reader is referred to the web version of this article.)
From the observation of tensor-to-scalar ratio r = 0.16, we can de-
termine the scale of μ:
μ ≈ √κ2M2 ≈ 2.08× 1016 GeV (30)
with ∗φ1 ≈ 0.01. Since ∗φ1  ∗φ2 and rˆ 	 1, the spectral index is 
given by
nζ ≈ 1− 6∗φ1 + 2η∗φ1 . (31)
Hence, η∗φ1 = 0.01 is required for nζ ≈ 0.96. It determines m ≈
1.8 × 1013 GeV from Eq. (25), and A2 ≈ 2.2 × 1015 GeV. From  ≈
∗φ1 ≈ 0.01 and NI ≈ 7 in Eq. (28), we can obtain the minimum 
value of φ∗1 , φ∗1 ≈ 0.9MP for φ∗1  φc1. On the other hand, Eq. (27)
is easily satisﬁed with log(A31 + m2φ∗2/A31 +
√
2m2M2) ≈ 0.07 or 
φ∗2 
√
2M2.
In Fig. 1, we show the contour plot of the tensor-to-scalar ra-
tio r and the spectral index nζ in the plane of model parameters 
m and A2 at the cosmologically relevant scale. φ∗1 is adjusted to 
be around NI = 7 from Eq. (28). The red lines are the contour 
of r = (0.05, 0.1, 0.16, 0.2, 0.3) from the below, the blue lines are 
for nζ = (1, 0.96, 0.9) from the below and the dashed lines denote 
φ∗1 = 0.5MP and 0.9MP respectively as denoted in the ﬁgure.
When φ2 reaches 
√
2M2, the ﬁrst waterfall ﬁelds {ψ2,ψ2} be-
come heavy and rapidly fall down to the near minima acquiring 
VEVs. φ2 also becomes heavy by the VEVs of {ψ2,ψ2} and so 
decoupled from the inﬂation.1 As a result, φ2, κ2M22, and A2 ef-
fectively disappear in Eq. (24). Since mS1S2 term in the superpo-
tential should also be dropped, the inﬂation is driven only by φ1
with V inf = κ21M41 after N ≈ 7. In this case, we need to consider 
the logarithmic piece in the potential, V inf ≈ κ21M41α log φ1Λ , which 
has been neglected so far because of its smallness. In the second 
stage of inﬂation, thus, the potential becomes
1 After end of the ﬁrst stage of inﬂation, the heavy ﬁelds might oscillate and 
affect the power spectrum as studied in Refs. [56,57]. In this model, however, the 
relevant scale is outside that can be observed by CMB and LSS. Thus, they do not 
affect out result.VII = κ21M41
(
1+ α log φ1
Λ
)
, (32)
where α ≈ κ21 /8π2. It is just the inﬂaton potential in the ordinary 
SUSY hybrid inﬂation [41,42]. During the second phase of inﬂation 
with the slow-roll parameters,
II = α
2M2P
2φ21
, ηII = −αM
2
P
φ21
, (33)
which are only relevant to smaller scales and not observable in 
CMB. The second stage of inﬂation continues from φc1 to φ
e
1 ≈√
2M1. The corresponding e-folding number is
NII = 1
αM2P
[(
φc1
)2 − (φe1)2]. (34)
With a small value of α, therefore, we can have a suﬃcient 
e-folding number (∼50).
So far we have not considered supergravity (SUGRA) correc-
tions. Finally, we propose one example of the setups, which can 
protect above our discussions against SUGRA corrections. We sup-
pose a logarithmic Kähler potential with a “modulus” T and an 
exponential type superpotential for stabilization of T :
K = − log
∣∣∣∣T + T ∗ −∑
i
|zi|2
∣∣∣∣+ KX and
W = W0 + WT + WX , (35)
where WT =m3/2T e−T / f . m3/2 and f are mass parameters of or-
der TeV and MP , respectively. Here we set MP = 1 for simplicity. 
While zi (=S1,2) and W0 (=κ1M21 S1 + κ2M22 S2 +mS1S2) are the 
ﬁelds and the superpotential during inﬂation considered before, KX
and WX denote other contributions (which have not been dis-
cussed so far) to the Kähler and superpotential, respectively. Then, 
the F -term scalar potential in SUGRA is given by
V F = eKX
[∑
i
∣∣∣∣∂W0∂zi
∣∣∣∣
2
+
∣∣∣∣∂WT∂T
∣∣∣∣
2(
T + T ∗)
−
{
∂WT
∂T
[
W ∗T + W ∗X −m∗S∗1S∗2
]+ h.c.}
+ 1
T + T ∗ −∑i |zi|2
×
{∑
I, J
(∂XI ∂X∗J K X )
−1(DXI W )(DX J W )∗ − 2|W |2
}]
, (36)
where (∂XI ∂X∗J K X )
−1 means the inverse Kähler metric by KX , 
and DXI W is the covariant derivative in SUGRA (=∂W /∂ XI +
W ∂K/∂ XI ). As discussed above, S2 (S1) is decoupled after the ﬁrst 
(second) phase of inﬂation. The ﬁrst term, 
∑
i |∂W0/∂zi |2 exactly 
reproduces Eq. (24) [or Eq. (23) for {ψ1,2,ψ1,2} ⊂ {zi}]. It decou-
ples from T unlike the no-scale type SUGRA. It is because we take 
−1 as the coeﬃcient of the logarithmic piece of the Kähler po-
tential. Only if eKX ≈ 1, thus, the SUGRA corrections leave intact 
Eq. (24) [or (23)].
From the last term [and also (∂XI ∂X∗J K X )
−1(DXI W )(DX J W )∗] 
of Eq. (36), the inﬂaton ﬁelds potentially get Hubble scale masses 
during inﬂation. However, they could be smaller for T + T ∗  1. 
Moreover, only if we have more ﬁelds and so e.g. W = κXM2X X +
κ1M21 S1+κ2M22 S2+mS1S2 with κXM2X  κ1,2M21,2, then |W |2 pro-
vides just a mass term of κXM2X X +κ1M21 S1 +κ2M22 S2: its orthog-
onal components, S1 − (κ1M21/κXM2X )X and S2 − (κ2M22/κXM2X )X , 
which are approximately S1 and S2, respectively, still remain light 
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closely associated with the complete forms of KX and WX , but not 
directly related to our observations.
4. Conclusion
The observation of B-mode polarization by BICEP2 provides 
hints on inﬂation models. The hybrid inﬂation with a single in-
ﬂaton ﬁeld might be diﬃcult to accommodate all the observations 
within the sub-Planckian regime. In this paper, we proposed a dou-
ble hybrid inﬂation model, in which the inﬂaton potential dynam-
ically changes with the evolution of the inﬂaton ﬁelds. During the 
ﬁrst phase of inﬂation over 7 e-folds, the power spectrum remains 
almost invariant. The large tensor-to-scalar ratio and the constant 
power spectrum during the ﬁrst inﬂationary phase are possible by 
a large linear term in the inﬂaton potential. In the second phase of 
50 e-folds, the dominant potential becomes dynamically replaced 
by the logarithmic term as in the ordinary SUSY hybrid inﬂation. 
Such a change in the inﬂaton potential is performed by the sec-
ond inﬂaton ﬁeld. In this model, the sub-Planckian ﬁeld values 
(∼0.9MP ) can still admit the correct cosmic observations with the 
suﬃcient e-folds.
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